Abstract-More and more system operators are interested in calculating transfer capability in real time using real-time power flow models generated from the Energy Management System (EMS). However, in comparing these models with offline study models, the EMS models usually include only a limited portion of the interconnected system. It is not practical to extend the EMS model in order to capture the impact of the external systems and as such using an equivalent network becomes necessary for this purpose. Equivalent circuits derived from the offline models for certain predetermined operating conditions would suffer from invalid results under various real-time operating conditions. Hence, it is necessary to derive an equivalent circuit model that is adaptive to the real-time system conditions. This paper presents a general method of creating an equivalent circuit model based on the measured boundary station parameters such as voltages and power flows. Simulation studies show that such derived equivalent circuit models provide solutions with adequate accuracy.
Development of an Equivalent Circuit of a Large Power System for Real-Time Security Assessment I. INTRODUCTION P OWER systems are monitored and controlled by the system operators in the system control centers according to the guidelines issued by operation engineers. Historically, most of these guidelines were based on offline studies. An interconnected power system experiences continuous change throughout each day due to variable system loads. There are planned and unplanned outages that can occur in the power system. Power transfers between control areas can also change. All these changes impact the operating state of the power system. In order to maintain the security of power system operations, guidelines prepared by the operation engineers must be valid for all these operating conditions. In most cases, operation engineers address varying system conditions by carrying out offline studies G. Wijeweera, W. Zhang, and M. Rheault are with the System Performance Department, Manitoba Hydro, Winnipeg, MB R3C 0G8, Canada (e-mail: gwijeweera@hydro.mb.ca; wzhang@hydro.mb.ca; mdrheault@hydro.mb.ca).
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Digital Object Identifier 10.1109/TPWRS.2017.2777339 using worst case assumptions to produce conservative results appropriate for the majority of system operating conditions. Over the years, power utilities have experienced increased challenges in maintaining power system reliability. Capital cost constraints compounded with increased difficulty in acquiring rights of way to build new facilities have driven system operators to look into new ways of maximizing the use of the existing power grid without compromising system reliability. Real-time security assessment is one such means to optimize power system operations.
Real-time security assessment technology has been developed over the years in the power system industry. The basic assessment involves monitoring real-time flows and voltages on facilities against pre-determined limits. The more advanced security assessment includes real-time contingency analysis and real-time transfer calculations. Real-time contingency analysis and real-time transfer analysis make use of power system models derived from the system operators EMS model, which typically contains its own area and limited parts of the neighboring areas. For many power system operators, such EMS models may be too limited to properly analyze the impact of external systems for certain operating conditions. As a result, deriving equivalent circuit models become necessary to correctly represent the external area impact.
The interest in developing equivalent circuits for power system studies can be traced back as early as 1949 [1] . From early literature, it is evident that the need for developing an equivalent circuit was mainly due to computing hardware and software limitations. With the development of fast computing technology, the interest in equivalent circuits diminished for a period of time. However, it has regained momentum recently with the arrival of real-time security assessment tools. A large number of literature related to developing equivalent circuits can be found, which describe various important issues and methods associated with creating equivalent circuits [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A comprehensive review of major methods used in the industry can be found in several literatures [2] [3] [4] [5] [6] [7] . Among various methods used in the industry, The Ward method [8] [9] [10] and REI methods [11] [12] [13] [14] [15] [16] [17] [18] appear to be more popular.
Most of the equivalent circuit calculation approaches, including Ward method and REI method, involve admittance reduction to obtain the equivalent circuit parameters [22] . System study engineers usually develop the equivalent circuit using offline study models. Today, commercially available power system study applications can be used to create an equivalent circuit 0885-8950 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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using the admittance reduction method. This study model is then merged with the EMS model by performing boundary condition matching to obtain the complete model. The critical drawback of such methods is that the external equivalent circuit developed is only valid for the condition for which it was derived. Some system operators go one step further and develop several equivalent circuits to represent various operating conditions such as export, import, high load, low load, summer, and winter etc. Although better than using a single external equivalent model, this practice suffers from the same problem, as the external system changes. As more and more utilities use real-time security assessment to operate their system, this is not an acceptable practice.
The only way to address this problem is to provide ways to develop/validate equivalent circuit data based on the available real-time information. A new method was recently proposed to derive equivalent circuits using real-time boundary information such as boundary bus voltage, angle and power injection in to the external area [21] . With this method, an equivalent circuit model is derived by connecting all the boundary buses in one area with a one boundary bus located in the second area. Linear Regression analysis is then used to determine the equivalent circuit parameters. While very efficient in calculations, this method has a few shortcomings. The first issue is that, this method can be only used to determine the interaction between two areas. Therefore, this method may not be applicable to all the entities. The method also cannot be used to determine the impedances between boundary stations buses in a single area. This paper proposes a new more general method to develop an equivalent circuit using boundary information that addresses the two deficiencies associated with the previous method. This new method can be used to determine the equivalent circuit across multiple areas and is also capable of calculating the impedance between the boundary stations. Therefore, this method can be used for any entity.
II. PROPOSED METHODOLOGY
This section provides an introduction to internal system, buffer zone, and external area terminology and describes the proposed algorithm.
A. Internal System, Buffer Zone and External System
Real-time security assessment starts from a real-time power flow case generated from the utilities Energy Management System (EMS). The EMS power flow case contains a network model of branch impedances and connections between various stations. Generation, load, and branch flows on this network are updated periodically in real-time using actual SCADA measurements to generate real-time power flow cases. Most EMS models also contain a certain portion of neighbouring areas for better visibility.
Consider the simple three area power system shown in Fig. 1 where Area-A is surrounded by Area-B and Area-C. Now assume that Area-A is interested in carrying out real-time security assessment. Area-A's EMS model can contain the complete power system model of Area-A (Internal system) and parts of Area-B and Area-C as shown in the dotted lines. The parts of Area-B and Area-C included in Area-A EMS can be considered as the buffer zone of Area-A. The rest of the Area-B and Area-C which is not included in Area-A's EMS model can be considered as external area of Area-A Real-time security analysis may require an equivalent circuit to represent the external area for better accuracy. The next section describes how to derive equivalent circuits using boundary information and the least square regression method.
B. Proposed Algorithm
Consider the power system shown in Fig. 2 where external area (part of Area−B and Area−C not included in Area−A's EMS) was replaced with an equivalent network. The equivalent network was created by connecting n boundary buses located in the buffer zone to each other. Voltage and phase angle of boundary buses are V 1 ∠θ 1 , V i ∠θ i , V k ∠θ k , V n ∠θ n and power injection into each boundary bus is P 1 + jQ 1 , P i + jQ i , P k + jQ k , P n + jQ n and load connected to each of the boundary bus is
The following equations can be derived for active power balance at bus i.
P ik , power transfer from bus k to bus i can be written as
Assuming that G ik is small compared to B ik for a transmission network, the above equation can be re−written as
Now the (1) can be re-written as
Equation (4) can be written for all the boundary buses except one to preserve the degree of freedom. This set of equations can be expressed in matrix form as:
where
is a n − 1 by n − 1 size identity matrix and X contain all B ik items and boundary load values.
To illustrate how to derive these matrices, following equations show H 1 , Y 1 and X matrices for system with four boundary buses using same notations as above. See (6)- (8) shown at the bottom of this page. I 3 will be 3 × 3 identity matrix.
As described above, H and Y matrices can be generated for a given system condition (Say H 1 and Y 1 ). When the system condition changes, the value of boundary bus voltages, boundary bus angle, and power injection will change. A new H and Y matrices can be generated for this condition (Say H 2 and Y 2 ). As system condition changes, series of H and Y matrices can be generated. These H and Y matrices can then be used to generate a system of over determined linear equations as shown in (9) below. The least square solution of these equations will provide the equivalent circuit admittance and boundary loads. ⎡
C. Calculating Equivalent Circuit Parameters Using Least Square Method
The IEEE three area 300 bus system [25] with minor modifications was used for the model validation. It contains three areas, namely Area-1, Area-2 and Area-3. A fourth area (Area-4) is added to the system between Area-3 and Area-2 as shown in Fig. 3 . For clarity only tie lines connecting Area-1, Area-2 and Area-3 are shown in the diagram. As shown in Fig. 3 , Area-1 is considered as the study area in the online security assessments (internal system), Area-2 and Area-3 are the buffer zones modeled in the Area-1 EMS, and Area-4 is the external area, which is not modeled in the Area-1 EMS. Since Area-4 is not modeled in Area-1s EMS, Area-1 does not have the visibility of Area-4. An equivalent circuit was developed to replace Area-4 by connecting four boundary buses located in the buffer zone (Buses 250, 235, 664 and 181) with each other. The least square method was used to determine the equivalent circuit impedances.
To compare the proposed method with the previous boundary calculation method [21] , an equivalent circuit was first calculated for the same simplified equivalent circuit used in [21] where only selected buses in Area-3 are connected to the boundary bus in Area-2, as shown in Fig. 4 .
The boundary information of the system was changed by increasing generation in Area-3 with increasing loads in Area-2. Equivalent impedance parameters were obtained by solving a system of over determined linear equations and the results are shown in Table I . These equivalent circuit parameters are identical to the previously reported linear regression method [21] . The least square method was then extended to calculate all the equivalent impedance parameters for the four area test system. Five boundary stations will provide 10 connections between stations as shown in Fig. 5 . H and Y Matrices were obtained by using the same transfer analysis data mentioned above and equivalent circuit admittance were calculated using least square estimation. Equivalent circuit admittances calculated for the full network are shown in Table II . It can be seen that some of the equivalent circuit admittances are negative. However, in a real transmission network, transmission line impedances are positive unless the line is heavily compensated with series capacitors. It was also found that, when attempts to generate a power flow with these parameters, the power flow became unstable. This result indicates that, even though the least square method provides a solution to a set of over determined linear equations, the answers may not be practical. Therefore, it is necessary to apply additional constraints to the least square method.
D. Calculating Equivalent Circuit Parameters Using Modified Least Square Method
Least square solutions can be modified by adding inequality constraints to limit the admittance to have only a positive value. The least square problem can be formulated to only provide answers in a particular range. More details on this method can be found in literature [23] - [24] . Matlab built-in functions can be used to determine the solutions to an over-determined system of linear equations in a given range. The least square method was formulated to only provide positive admittance as the transmission line admittance. The method was first tested by calculating only three equivalent impedances between bus 235, 281 and 664 in Area-3 with bus 161 in Area-2. This method also provided the same equivalent circuit parameters as shown in the Table I . This method was then used to calculate the impedance between all the paths as shown in Fig. 5 . The results of the analysis are shown in Table III . It can be seen that links between 250-664, 250-281, 250-161, and 235-281 have very high impedance values. Therefore, it was decided to ignore those links from the equivalent circuit analysis and carry out the equivalent circuit analysis process again using least square method. The new connections between the buses are shown in Fig. 6 and the results of the analysis are shown in Table IV .
A flow chart which shows equivalent circuit parameter calculation algorithm is shown in the Fig. 7 .
III. BOUNDARY MATCHING
As explained above, power utilities only have real-time data corresponding to their internal area. They do not have real-time data for the external area. Therefore, once the external equivalent circuit is connected to the internal model, it is necessary to carry out some form of boundary matching exercise to ensure that the internal state of the power system data does not change as a result of adding the equivalent circuit. In real-time security assessment, this matching exercise is carried out in the state estimator. Consider the simple power system shown in Fig. 8 . where the internal system is connected to the external system via four boundary stations B1, B2, B3 and B4. In boundary station B1, B2 each has two internal lines and one external line,and for stations B3 and B4, each has only one internal line and one external line. Utilities normally have visibility of the boundary stations including flow coming in from the external area. Therefore, it can be assumed that all flows in the boundary stations, including flows to the external areas, are known. Now, according to the nodal equation and assuming that there is no power loss in the stations, the following equation can be written for active power (P) and reactive power (Q) entering and leaving 
Consider that the equivalent circuit is prepared and it is necessary to join the equivalent circuit with the internal area. Also assume that the connection between the boundary station B2 and the equivalent circuit can be ignored. This is illustrated in Fig. 9 .
Since boundary station B2 is not connected to the equivalent network, the flow on the external line from the boundary station B2 can be modeled as a load in the station. Once the equivalent circuit is connected to the internal area, there will be a power flow between the internal area and the equivalent circuit as shown in the diagram. However, the connection of the equivalent circuit should not alter the flow on internal lines. This logic can be used to change the value of loads connected to the stations B1, B3 and B4. For an example, the value of the P 4l and Q 4l can be changed so that (P 4l + jQ 4l ) + (P 4e + jQ 4e ) = (P 1 + jQ 1 ) + (P 2 + jQ 2 ) (11) Similarly load connected to bus B3 and B4 can be changed to provide the same internal flow as the original model. Once the load values are changed, it is necessary to resolve the power flow to obtain a valid solution. Resolving can change the flow from the equivalent circuit into the internal area, which forces a change in value to the load connected at the boundary. The process of changing load values and solving the power flow should be carried out iteratively until there is no difference in the flows towards the internal area from the boundary stations.
Boundary matching process is summerized in the Fig. 10 .
IV. RESULTS AND BENCHMARKING
The objective of developing an equivalent circuit is for security assessment for the internal system (Area-1). A number of benchmarking exercises were carried out for equivalent circuit shown in Fig. 6 . to evaluate the accuracy of the developed equivalent circuit with security assessment in mind. This section presents the results of those analyses.
A. Contingency Analysis
The accuracy of the equivalent circuit was first analyzed by performing contingency analysis. Loss of single elements in Area-1 including tie lines with Area-2 and Area-3 was selected as a contingencies. The post contingency active and reactive power flow in all the branches in Area-1 were noted. These post contingency flows were then compared for the full model and the reduced model. When the post contingency flow difference was higher than a defined tolerance (1MW/MVAR), these values were recorded for further analysis.
To compare the proposed method with other methods, the same exercise was repeated by developing three more equivalent circuits. In the first method, the equivalent circuit was developed using impedance reduction method; in the second method, the equivalent circuit was developed using the linear regression method; and in the third method, the external system was completely omitted and flows on boundary lines was modeled as load. The results of the analysis are shown in the Table V .
By comparing results, it can be seen that modified least square method produce accuracy comparable to impedance reduction method. It should be noted that the impedance reduction method uses the entire network data to develop an equivalent circuit where as modified least square method and linear regression method only uses the boundary information to develop equivalent circuit. It should be also noted that many utilities do not have real-time information on the external system. The results also show that, when more links were added to this particular network using the least square method, it produced slightly better results than the equivalent circuit developed using the linear regression method.
The modified least square method was also tested for the topology changes by performing same contingency analysis for a prior outage of one of the lines in Area-1. The average error observed with this method was only 1.9 MW/MVAR.
B. Transfer Analysis
The accuracy of the equivalent circuit was then analyzed by performing two transfer analyses. Transfer analyses were carried out between Area-1 and Area-2 and Area-1 and Area-3. The transfer analysis was carried out by increasing generation Fig. 11 . In the security assessment, voltage violations were defined as deviations of bus voltages after the disturbance by more than ±10% of the pre-contingency voltage and voltage stability was defined as the inability to converge the post-contingency power flow.
The power transfer level at which each of the security criteria was first observed for the full model and the reduced model for Area-1 to Area-3 power transfer is shown in Tables VI and VII. A critical disturbance is the disturbance in which particular security constraints are observed. A critical element describes the element in which security constraints are observed. For an example, the first thermal overload was observed at a transfer Tables VI and VII show that transfer levels calculated using the reduced model is very close to that calculated using the full model for transfer between Area-1 to Area-3 and they also had same critical disturbance and critical element Tables VIII and IX show the transfer analysis results for Area-1 to Area-2. In this transfer analysis scenario, voltage violations were not observed until the maximum transfer analysis was carried out in both models and the first thermal violation was observed in a pre-contingency power flow in branch 7-131. It can be also observed that transfer levels calculated in the two models produce very similar results.
C. P-V Analyis
The accuracy of the equivalent circuit was also analyzed by performing P-V analysis. Transfer analysis between Area-1 and Area-3 was selected for the P-V analysis. Two buses in the 230 kV and 345 KV networks, which produced the highest voltage drop during the transfer analysis were selected for the P-V Analysis. The pre-and post-contingency voltage variation of those buses with the transfer level for contingency 46-81 is shown in Figs. 12-15 . Contingency 46-81 was selected as it showed a voltage violation and voltage instability during the transfer analysis. This benchmarking analysis has demonstrated that the equivalent circuit derived using the least square method produced acceptable results in the security assessment for Area-1.
V. PRACTICAL APPLICATION OF PROPOSED METHOD
In the benchmark studies, offline simulations are used to change the system conditions and obtain boundary information to estimate the equivalent circuit parameters. In practice, this information can be easily obtained from real-time power system measurements. The system operator EMS contains power flow from boundary stations and boundary bus voltages in the buffer zone. The voltage angle of the boundary stations can be obtained from Phasor Measurement Units (PMUs). Even though PMUs are not as popular as Remote Terminal Units (RTU) today, use of PMUs has been steadily growing during the last few years [26] [27] [28] [29] . Many utilities have considered installing and using PMU data to improve state estimation in the EMS [30] .
Some utilities can have special power system devices like phase shifters or hvdc lines at the boundary of the internal area or just outside the internal area. The development of an equivalent circuit can be improved by including those special power system devices in to the buffer zone.
VI. CONCLUSION
This paper presented a new method that can be used to determine equivalent circuit parameters using boundary information. In real-time, system operators do not have network information on the external model. Therefore, it is not practical to develop an equivalent circuit based on the network configuration. The proposed method provides an alternative to generate an equivalent circuit which only uses boundary information.
The advantages of this method compared with other methods, which use boundary information, is that it is more general and can be used for any network configuration. On the other hand, previous methods could only be used to connect a single bus in one area with multiple buses in another area. This method can also generate equivalent circuit impedances between boundary stations. Simulation results also demonstrated that this method produces more accurate results than the linear regression method.
